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Abstract
Composite materials, having better properties than traditional materials, are
susceptible to potential damage during operating conditions, and this issue is usu-
ally not found until it is too late. Thus, it is important to identify when cracks occur
within a structure, to avoid catastrophic failure. The objective of this chapter is to
fabricate a new generation of strain sensors in the form of a wire/thread that can be
incorporated into a material to detect damage before they become fatal. This
microscale strain sensor consists of flexible, untwisted nylon yarn coated with a thin
layer of silver using electroless plating process. The electromechanical response of
this sensor wire was tested experimentally using tensile loading and then verified
numerically with good agreement in results. This flexible strain sensor was then
incorporated into a composite specimen to demonstrate the detection of damage
initiation before the deformation of structure becomes fatal. The specimens were
tested mechanically in a standard tensometer machine, while the electrical response
was recorded. The results were very encouraging, and the signal from the sensor
was correlated perfectly with the mechanical behavior of the specimen. This
showed that these flexible strain sensors can be used for in situ structural health
monitoring (SHM) and real-time damage detection applications.
Keywords: composites, structural health monitoring, flexible yarn, strain sensor,
conductive film Ag-coating, electromechanical behavior
1. Introduction
Composite materials, despite having better physical properties, are not exempt
from limitations and drawbacks [1–4]. The mechanisms of damage initiation and
propagation leading to ultimate fracture in these materials are very complex but
very well established [5–11]. Structural health monitoring (SHM) is a well-known
technique to examine the mechanical behavior of the structure during operation
and to avoid its sudden failure [12]. In situ real-time SHM has been used frequently
for detecting different types of damages in materials such as corrosion, deforma-
tion, debonding/delamination, fiber cracking, thermal degradation, intralaminar
cracking, etc. to ensure safe and durable service life of the structures [13–18]. So,
vast research had been carried out during the past years to develop SHM sensors,
and this development took place gradually over time from strain gages, fiber optic
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sensors, and piezoelectric sensors to microelectromechanical systems (MEMSs)
[19–21]. But they all have some limitations such as strain gauges behave as
defects or inclusions, fiber optic sensors require lot of instrumentation and data
analysis, brittle material is used in manufacturing piezoelectric sensors, and
MEMSs are manufactured at microscale, which makes the manufacturing process
difficult [22–25].
Another class of sensors, known as textile sensors or flexible sensors, is the new
focus of study for many researchers. These are conductive strain sensor wires/
threads in which electrical resistance varies reversibly to applied stress [26–29].
They can be developed at nanoscale or microscale and can overcome the limitation
of brittle behavior of conventional piezo-resistive strain gauges. So, it is essential to
understand the mechanical behavior of these flexible sensors for better structural
integrity and longer service life. Moreover, it is also important to understand the
concept of computational modeling of these flexible yarns to model and analyze
their behavior numerically. However, very less research has been conducted to use
the concept of coated yarn as a flexible piezo-resistive strain sensor for structural
health monitoring without jeopardizing the mechanical behavior of core material
especially numerically. Different researchers had worked on numerical models and
had used finite element analysis (FEA) to predict the mechanical behavior of yarn
[30–32]. With the advancement of computer-aided design (CAD) and computer-
aided engineering (CAE), it is possible to investigate the mechanical behavior of
yarn using finite element modeling (FEM) [33]. Many CAD models of filaments,
yarns, and fabrics have been developed by researchers with most of them related to
geometrical modeling of yarns based on single line yarn path also known as pitch
length [34–37]. Some researchers have attempted to overcome difficulties like
small- and large-scale deformation, complex material properties, and 3D modeling
[38]. Several analytical models had been established for the estimation of mechan-
ical tensile performance of yarns. The tensile behavior of yarn, using force method,
was first studied 90 years ago, which was then extended to examine the mechanical
behavior of continuous filament yarns [39, 40]. Other than force method, energy
method was used to study the continuous filament and to predict the whole stress-
strain behavior in Tenasco yarn which was first proposed by Treloar and Riding
[41]. Then, Riding and Wilson [42] extended this study and predicted the stress-
strain relations for materials such as low-tenacity Terylene, Super Tenasco, and
Nylon 6-6. Moreover, energy method was also used to study the tensile and tor-
sional behavior of bulky wool single yarn [43]. Cartraud and Messager [44] studied
the model of 1 + 6 (six cylindrical filaments were wrapped around a straight
filament at core) stranded fibrous structure under tensile loading. Vassiliadis et al.
[38] suggested a computational method to study the mechanical behavior of
multifilament twisted yarn from 2 to 1200 filaments based on FEM. However, up to
this date and to the best knowledge of the author, very limited or no research has
been conducted to experimentally and/or numerically analyze a coated yarn and to
study the electromechanical response of coated yarn-based wire models.
In this chapter, the overall objective is to fabricate a conductive wire that func-
tions like a piezo-resistive strain gage while not jeopardizing the structural integrity
of the composite and acting as a real-time sensor during the operating condition.
This was achieved by using untwisted nylon yarn and depositing silver metal coat-
ing on its surface. Initially, experimental tests were conducted to quantify the
electromechanical behavior of this detector and analyze its performance. Then, a
numerical model was developed to validate this sensor design and confirm the
reproducibility of results. Due to their extremely small size and large-scale integra-
tion degree, the sensors had the remarkable characteristics of light weight, flexibil-
ity in design, low power consumption and noise level, short response time, high
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reliability, and low cost. Once the experimental results were validated numerically,
these microscale flexible sensor wires were incorporated in the composite specimen
to demonstrate its SHM application. The specimens were then tested in standard
tensometer machine mechanically while the electrical response was recorded,
which correlated perfectly with the mechanical behavior of composite specimen.
This showed that these flexible yarn wires can be used as piezo-resistive strain
sensors for SHM applications of composite structures.
2. Sensor fabrication and characterization
Sensors were developed using untwisted nylon yarn and by depositing a silver
(Ag) metal film on the surface of its filaments because even though nylon yarn
behaved well mechanically, it was poor in electrical conductance. Thin film coating
was applied to overcome the conductance issue without jeopardizing structural
integrity of each material. Electroless plating process was used for this purpose, and
the sensor specimens were characterized by the following dimensions: length
50 mm, diameter of yarn 225 μm, and coating thickness 1–2 μm. This thickness of
the coating film is the best compromise between uniform thickness throughout the
yarn and good conductive flexible coating. These dimensions were confirmed when
scanning electron microscopy (SEM) of sample wires was performed for the char-
acterization of samples after deposition of silver coating.
3. Experimental test setup for sensor wires
Uniaxial tensile testing machine and oscilloscope were used simultaneously to
examine the sensing behavior of this flexible strain sensor wire. Three experimental
Figure 1.
Flexible sensor wire was attached with electrodes and paper support, placed in the tensile machine, and
electrodes were attached to the data acquisition system.
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tests were performed to confirm the reproducibility of the results. Paper frame was
used specifically to provide support to such a small specimen in the tensile machine;
however, it was cut from the sides before starting the test so it could not affect the
behavior of sensor during the test. In addition, electrodes were attached at both
ends of the specimen to provide better connection. Then, the specimen was placed
in the tensile machine and test was performed at low strain rate, that is 5 mm/min,
Figure 1. As a result, the stress-strain behavior with resistance profile was obtained.
4. Numerical modeling of sensor wire
Coupled field analysis in commercial Abaqus/standard software was used to
model the electromechanical behavior and verify experimental results. The sample
geometry of conductive thin film-coated monofilament was developed at the
microscale to avoid aspect ratio problems during meshing and reduce the computa-
tional time, Figure 2a and b. Before performing the finite element analysis, it was
Figure 2.
Schematic representation of the coated yarn: (a) front view, (b) side view, and (c) mesh of the yarn.
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important to ensure the convergence of the mesh. So, mesh convergence study was
performed on the model to eliminate the dependency upon the mesh for which 5
mesh sizes, 1, 0.5, 0.1, 0.08, and 0.05 were considered, and, based on the study,
mesh size 0.05 was used for discrete model because it was the best compromise
between less computational work and accuracy of results, Figure 2c. The applied
boundary conditions consisted of both mechanical and electrical loads, Figure 3.
5. Fabrication of composite specimens incorporated with sensor
Standard specimens of composites for tensile test were prepared and a full
integration of sensors into the composite structure was achieved, Figure 4. Silicon
Figure 3.
Electromechanical boundary conditions applied to the 3D model.
Figure 4.
Fabrication of composite specimen with sensor wire.
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molds were used for the preparation of samples and glass fiber fabric was used as
reinforcement. The glass fabric was cut into segments and placed into a mold and a
sensor (nylon yarn coated with silver) was inserted between the plies of fiberglass.
Then, resin mixed with hardener with a ratio of 1:4 was poured into the mold. Once
the molds were filled, one could no longer see the fiberglass layers, the samples
were completely transparent. Now, one could view all of the sensors easily. After
that, samples were left to cure for 48 hours at room temperature.
6. Experimental test of composite with sensor wire
A cured composite sample with integrated sensor was tested using an Instron
test machine and the oscilloscope was connected to sensor lids. Uniaxial tensile
testing machine and oscilloscope were used simultaneously to correlate the
mechanical behavior of the composite specimen with the electrical response of the
strain sensor wire. Three experimental tests were performed to confirm the repro-
ducibility of the results. In addition, electrodes were attached at both ends of the
specimen to provide better connection. Then, the specimen was placed in the tensile
machine and test was performed, Figure 5. As a result, the stress-strain behavior of
composite specimen with resistance profile of the sensor was obtained.
7. Results and discussion
7.1 SEM characterization of flexible strain sensor wires
All the filaments were uniformly coated; however, after large magnification, it
appeared that some filaments exhibited cracks or gaps. Another phenomenon
observed during the SEM characterization was that the silver coating was made of
Figure 5.
Composite sample mounted on test frame for mechanical test. Sensor lids are connected to the oscilloscope.
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nanoparticle grains, or aggregates less than one micro-meter in size, Figure 6. SEM
characterization of the coated untwisted yarn showed uniform coating with some
minute discontinuities and defects and also confirmed that the Ag thin film coating
consisted of deposition of nanoparticles of silver. Regardless of the imperfections in
the Ag film coating in some filaments, it did not seem to affect the electrical
conductivity.
7.2. Experimental testing
7.2.1 Electromechanical response
Three tensile tests of piezo-resistive sensor wire were performed. The Young
modulus and yield strength of the tested samples were about 1348.5 and 20.13 MPa,
respectively. The stress-strain behavior of untwisted coated yarn is shown in
Figure 7a. Stress and electrical response of the untwisted yarn are plotted simulta-
neously in Figure 7b. The resistance was changed at the same time as the failure
started to initiate, and, as the test progressed, the resistance increased gradually
when the number of fractured filaments was increased. Ultimately, when the
untwisted yarn was fractured completely, the resistance went to maximum value.
The results were very encouraging, and piezo-resistive flexible sensor was
responding very well to any change in load.
7.2.2 Damage modes
After tensile test, fractured samples were studied using SEM technique, and it
appeared that there were two distinct morphologies. Some filaments exhibited a
clean ductile failure in which both the coating and the fiber showed a clean cut;
however, other filaments showed a pull-out of the coating or flaking off, Figure 8.
Figure 6.
SEM characterization of the Ag thin film-coated untwisted yarn: (a) shows the uniform coating with some
minute discontinuities and defects in the coating and (b) confirms that the Ag thin film coating on the nylon
surface consisted of deposition of nanoparticles of silver.
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Figure 7.
Electromechanical behavior of untwisted nylon yarn: (a) mechanical behavior of untwisted nylon yarn and
(b) electromechanical response.
Figure 8.
SEM characterization of fractured samples confirms that the coating thickness was approximately 1–2 μm:
(a) shows a clear ductile failure of both core and coating material and (b) depicts the second phenomenon, that
is, flaking off of coating.
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This established that some parts of the coating might not have developed strong
adherence with the nylon fiber during the fabrication process. However, it did not
affect the overall response of the sensor because of two reasons: first, the pull-out of
coating happened during damage initiation and damage propagation just before the
failure and did not affect the performance of the sensor before that; the second
reason is that there were approximately 100 fibers in the single yarn and fiber pull-
out happened in less than 5–10% of fibers, which is almost negligible. Nevertheless,
the surface adhesion can be improved during the fabrication process by further
improving the surface roughness by etching process before application of coating
because rough surfaces have better adhesion properties.
7.3 FE analysis
The untwisted coated yarn was modeled as a ductile material using the built-in
elastic, plastic, and ductile damage criteria of Abaqus because both silver and nylon
are ductile in nature. Electrical conductance of both materials nylon and Ag thin
film was defined in Abaqus to model the electrical response during the mechanical
analysis, Table 1. For the numerical analysis, experimental tensile behavior of pure
silver thin film was applied [45] in addition to the mechanical response of untwisted
nylon yarn, Table 1.
Furthermore, the rate-dependent power law was defined using the experimental
curves in the plasticity model because it plays a vital role in damage initiation and
neck formation during ductile failure. Therefore, strain hardening stress coefficient
K and strain hardening index n were calculated using Eqs. (1) and (2).
n ¼
log σ2  log σ1
log ε2  log ε1
(1)
logK  log σ1 ¼ n log x log ε1ð Þ (2)
where σ1,2 are stress points in the plastic region, ε1,2 are the corresponding strain
points in the plastic region, K is the strain hardening stress, and n is the strain
hardening exponent.
Ductile damage criteria built in Abaqus was used to define model failure. Dam-
age initiation depended on fracture strain, strain rate, and stress triaxiality whereas
damage evolution required displacement at failure, Table 1. The evolution of the
damage defined the material’s behavior by illustrating the degradation of material
stiffness after damage initiation. Scalar damage approach was used for formulating
the rate of damage as given in (3). D is the overall damage variable showing the
combined effect of all active damage mechanisms, and when it reached 1, fracture
occurred.
σ ¼ 1 Dð Þ σ ́ (3)
Material Electrical
conductance,
S/mm
Young’s
modulus, MPa
Poisson
ratio
Yield
strength,
MPa
Fracture
strain
Strain rate,
mm/min
Nylon 1  1015 1348.5 0.39 20.13 0.12 5
Silver 63  103 47,230 0.37 431.1 0.08 60  105
Table 1.
Experimental elastic, plastic, and failure data of nylon and pure Ag-thin film.
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where σ is the stress due to damage response, D is the damage variable, and σ ́ is
the stress due to undamaged response.
7.4 Verification of sensor response
The nylon monofilament coated with silver thin film was subjected to tensile
elongation until failure. Results showed that it was viable to use one filament to
validate the piezo-resistive behavior of untwisted coated yarn. The true stress-strain
behavior showed a good correlation with the experimental results in the elastic-
plastic region, Figure 9. It can be seen in the results that it was fine to use coated
monofilament model to verify the result because the plane of stress is same. How-
ever, there is a slight difference in the failure initiation and breakage, which is
understandable because: in experimental results, the failure shows gradual breakage
of all the monofilaments, whereas in the numerical model, the set of monofilaments
is modeled by a single thread. Electrical response was recorded as electrical current
density (ECD) in Abaqus which was then converted to resistance response using
Eqs. (4)‑(6) to validate the experimental piezo-resistive behavior of sensor wire.
Electromechanical behavior of the monofilament is shown in Figure 10.
J ¼ αE with α ¼
1
ρ
(4)
J ¼
E
ρ
) J∝
1
ρ
(5)
R ¼
ρL
A
(6)
where J is the current density, E is the electric field, α is the electrical conduc-
tivity, ρ is the resistivity, L is the length, A is the cross-sectional area, and R is the
resistance.
It was observed that till the plastic region, the electrical resistivity of the yarn
changed, but this change in resistance was very small as compared to change in
resistance on damage when there was complete breakage in current flow. No grad-
ual increase in the resistance was seen like in experimental results because of the
monofilament model. The 3D discrete model of coated monofilament before and
after failure is shown in Figure 11.
Figure 9.
Numerical verification of experimental mechanical behavior of Ag-coated untwisted nylon yarn.
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7.5 Experimental results of instrumented composite specimen with nylon/silver
sensor
Three tensile tests were performed with the composite specimen incorporated
with sensor wire. The mechanical response including Young’s modulus and yield
strength of the tested samples showed that it was not affected by insertion of sensor
in the sample and the sensor did not act as intrusive element. The mechanical
response of composite specimen and electrical response of the sensor were corre-
lated simultaneously. The resistance was changed at the same time as the failure
started to initiate, and, as the test progressed, at the point of failure, the resistance
of the sensor started to increase and eventually went to infinity, Figure 12. The
sensor was reporting what was going on as the fracture formed. The results were
Figure 11.
3D discrete model (a) before failure and (b) after failure.
Figure 10.
FE analysis of electromechanical response of Ag-coated monofilament.
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very promising and piezo-resistive flexible sensor was responding very well to the
mechanical change in the composite specimen.
8. Conclusions
In this study, a flexible strain sensor was fabricated using the electroplating
process. The coating was carried out on nylon yarn, and it appeared thin and
uniform. Then, the strain sensor was characterized and tested experimentally, and
its behavior verified numerically. The results were very encouraging and reproduc-
ible. Next, the yarn sensor was incorporated into a composite material and stan-
dardized specimens were prepared and tested. The signal from the sensor was
correlated perfectly with the local stress-signal of the composite panel. The follow-
ing conclusions are drawn from this study:
• It confirmed the feasibility of fabricating a flexible strain sensor. The sensor
was made of nylon yarn, coated with silver. The resistivity change was
recorded in the elastic-plastic region, which showed that these flexible strain
sensor wires can be used for SHM in different structures and can sense
deformation or damage prior to failure.
• Numerical results verified damage behavior, that is, ductile failure and flaking
off of coating as seen in experimentally fractured samples.
• It was found that the incorporation of these sensor wires would not affect the
structural integrity of the specimen.
Figure 12.
Electrical response of the sensor with mechanical behavior of composite specimen.
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